Introduction
The immobilization of a membrane protein at an inorganic substrate has been studied for the development of a chemical/ biological sensor, 1-3 a photosensor, 4 and artificial photosynthetic devices. 5 Since a slight structural change of the membrane protein can modulate the protein function, the structure of the membrane protein alters the device performance. A structural characterization of the membrane protein adsorbed on an inorganic surface is therefore an important subject to utilize the function of the membrane protein.
The light harvesting complex LH2 is one of membrane protein, and is a large oligomer comprising a basic structural unit composed of two integral membrane polypeptides (α and β) associated with bacteriochlorophyll a (BChl) and carotenoid molecules (see Fig. 1 ). [6] [7] [8] In LH2, nine BChl molecules are located close to the cytoplasmic surface. These BChl molecules are essentially monomeric, with an optical absorption band at around 800 nm (the B800 absorption band). Other 18 BChl molecules are sandwiched between the α and β polypeptides; these exhibit optical absorption at around 850 nm (the B850 absorption band). The B800 and B850 band properties, such as the peak absorption intensity, peak wavelength, and peak width, depend on interactions between BChl molecules and BChlprotein interactions. Since these interactions are sensitive to changes in the protein structure, the B800 and B850 band properties can provide information on the LH2 structure. 9 Recently, Oda et al. 10 studied irreversible heat degradation of LH2 adsorbed on mesoporous silica (MPS) by monitoring the B850 band intensity, and found that the degradation rate of LH2 was slower in mesoporous silica than in bulk water. They suggested that this slower degradation rate to be due to restrictions on the fluctuation of LH2 inside the silica mesopores. However, reversible thermal deformation behaviors of LH2 adsorbed on MPS support have not yet been studied. Since the light-harvesting function of LH2 depends closely on the bacteriochlorin configuration of LH2, it is of interest to study
In the present study, we examined the reversible thermal deformation of the membrane protein light-harvesting complex LH2 adsorbed on mesoporous silica (MPS) supports. The LH2 complex from Thermochromatium tepidum cells was conjugated to MPS supports with a series of pore diameter (2.4 to 10.6 nm), and absorption spectra of the resulting LH2/MPS conjugates were observed over a temperature range of 273 -313 K in order to examine the structure of the LH2 adsorbed on the MPS support. The experimental results confirmed that a slight ellipsoidal deformation of LH2 was induced by adsorption on the MPS supports. On the other hand, the structural stability of LH2 was not perturbed by the adsorption. Since the pore diameter of MPS support did not influence the structural stability of LH2, it could be considered that the spatial confinement of LH2 in size-matches pore did not improve the structural stability of LH2. whether the ring structure of LH2 can be stabilized or not by conjugation to MPS supports.
Keywords
The purpose of the present study is to realize a reversible thermal deformation behavior of LH2 adsorbed on MPS supports. The deformation of LH2 is influenced by the interaction between the basic structural unit of LH2, the spatial confinement, and the surface interaction (interaction between LH2 and the silica surface). The influence of the surface interaction can be studied by observing the structure of LH2 adsorbed at the outer surface of the MPS support with a pore size of less than 6 nm (Fig. 1) . On the other hand, LH2 locates on both the outer surface and the inside the pore when it is adsorbed to MPS with a pore diameter of greater than 7.3 nm. 10, 11 Thus, the LH2 structures adsorbed on MPS supports with a series of pore diameter can provide information on the influence of the spatial confinement.
In the present study, a series of LH2/MPS conjugates were prepared by immobilizing LH2 on MPSs with different pore sizes ranging from 2.4 to 10.6 nm and their near-infrared absorption spectra were measured between 273 and 313 K to evaluate the thermal deformation behaviors of LH2 adsorbed on MPS. The LH2 used in this study was extracted from the thermophilic purple sulfur bacterium Tch. tepidum. 12 Its ring diameter is about 7.3 nm (Fig. 1) . 10 The results of spectral measurements confirm a slight ellipsoidal deformation of LH2 on the MPS supports. Since the pore size of MPS does not influence the thermal deformation behavior of LH2 on MPS support, it can be considered that the spatial confinement of LH2 in size-matches pore do not improve the structural stability of LH2. The structural stability of LH2 on MPS would be chiefly governed by the interactions between the basic structural units of LH2.
Experimental

Materials
Powder MPS supports were synthesized using a surfactanttemplated sol-gel method, described in the literature with some modifications. [13] [14] [15] MPS with a pore diameter of 2.4 nm was synthesized using cetyltrimethylammonium bromide (CTAB) as a template surfactant. 13 Other MPSs were synthesized using Pluronic P123 as a template surfactant. 14, 15 The physicochemical properties of the MPSs were obtained from the nitrogen adsorption/desorption isotherm and X-ray diffraction (XRD) experiments. These are summarized in Table 1 . For all MPSs, as typically shown in Figs. 2 and S1 (Supporting Information), regular arrangements of silica pores were confirmed using fieldemission scanning electron microscopy (FE-SEM, Hitachi S-4800) and transmission electron microscopy (TEM; JEOL JEM-2100). Hereinafter, we designate MPS as MPS-xx, where xx means the BJH pore diameter. Nonporous spherical silica particles ( Fig. 2) were synthesized by the Stöber method. LH2 was extracted from chromatophores isolated from Tch. tepidum cells using the detergent lauryldimethylamine oxide (LDAO), and purified by anion-exchange chromatography. 12 Stock solutions of LH2 contained 0.1 wt% LDAO, 6.25 mM CaCl2, and 20 mM Tris-HCl (pH 7.5). The optical density of the LH2 stock solution at 800 nm was 4.0 (25 C). Milli-Q water was used in all experiments.
Preparation of LH2/MPS conjugates
The MPS powders (5 mg) were added to 1 mL of the LH2 stock solution. The amount of LH2 in 1 mL of the stock solution was estimated to be 2.4 × 10 -9 mol by assuming the molar extinction coefficient at 800 nm to be 1.35 × 10 6 M -1 cm -1 .
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After the mixture had been shaken at 25 C for 4 h, the amount of LH2 adsorbed on MPS was estimated by measuring the absorption spectra of the supernatant after centrifugation. The MPS with LH2 (LH2/MPS conjugates) were washed three times with a buffer solution containing 20 mM Tris-HCl (pH 7.5), and then suspended in the same buffer solution as used in the optical absorption spectroscopy experiments.
Optical absorption spectral measurements A suspension of LH2/MPS conjugates was poured into a quartz cell (1 cm × 1 cm) with a screw cap. The transmission absorption spectrum of the sample suspension was measured using a JASCO Model V-570 spectrophotometer equipped with a cryostat (Unisoku Co., Ltd., CoolSpek USP-230). The spectrophotometer was customized to measure the transmission absorption spectrum of the sample suspension so as to reduce the effect of light scattering by MPS; an integrating sphere was positioned just after the output window of the cryostat, and the transmitted light collected by the integrating sphere was detected. The absorption spectrum of the sample suspension was measured while increasing the temperature from 273 to 323 K at a rate of 2 K min -1 . After reaching the target temperature, the sample suspension was stored for 10 min prior to a measurement. Under these experimental conditions, the spectral shape did not change between any of the three separate spectral measurements for about 1 h. The absorption spectrum of the suspension of MPS was used for a baseline correction of the absorption spectrum of LH2/MPS conjugates. The absorption spectra of LH2 dissolved in water were measured on a JASCO Model V-570 spectrophotometer equipped with a thermoelectrically temperature-controlled cell holder (JASCO: Model ETC-505).
Results and Discussion
Adsorption of LH2 onto MPS supports When a mixture of LH2 (2.4 × 10 -9 mol cm -3 ) and MPS (5 mg) was shaken for 4 h, almost all of the LH2 adsorbed on each MPS (Fig. S2, Supporting Information) . The amounts of LH2 adsorbed are listed in Table 1 . When the as-prepared LH2-MPS conjugates were dispersed in the buffer solution containing 0.1 wt% LDAO, a marked desorption of LH2 from MPS was observed because LDAO surfactants solubilized LH2 into the solution phase. The LH2-MPS conjugates were therefore washed with a buffer solution (20 mM Tris-HCl, pH 7.5) without LDAO, and then dispersed in the same buffer solution for the absorption spectral measurements. The XRD results for LH2-MPS conjugates confirmed that the pore structures of MPS supports were maintained after the adsorption of LH2 (Table 1) .
When the mixture of LH2 and nonporous silica particles was shaken, the amount of LH2 adsorbed was about six times smaller than those found for the mixtures of LH2 and MPSs (Table 1 and Fig. S2 ). The smaller adsorption amount of LH2 to the nonporous silica particle is likely explained by a weak affinity between the silica surface and the LH2/LDAO complex. The LH2 solution contains detergent LDAO to solubilize waterinsoluble LH2. On the other hand, in the mixture of LH2 and MPS, the adsorption of LDAO molecules in silica mesopores decreases the amount of LDAO in the solution phase. This decrease of LDAO in the solution phase would induce the deposition of the water-insoluble LH2 on the MPS support.
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As shown in Fig. 1, LH2 molecules locate at the outer surface of MPS-2.4 because the large LH2 (7.3 nm) cannot enter a silica mesopore of 2.4 nm in pore diameter. The size of MPS-2.4 appeared to be around 1 μm (Fig. 1(a) ). By assuming MPS-2.4 to be a spherical particle with 1 μm of particle diameter, the space occupied by a single LH2 molecule and surface coverage of LH2 at the outer MPS-2.4 surface were approximately estimated to be 1.9 × 10 3 nm 2 /molecule and 0.02, respectively. The small surface coverage of LH2 suggests the adsorption of LH2 without multilayer aggregation.
Several research groups have studied the adsorption of LH2 on MPS. Oda et al. studied the adsorption of LH2 from Tch. tepidum on FSM type mesoporous silica with a hexagonal pore arrangement, and the loading of LH2 into silica pores with 7.9 nm in BJH pore diameter was confirmed by a nitrogen adsorption isotherm measurement. 10 Ikemoto et al. studied the adsorption of LH2 from Rps. acidophila on SBA type mesoporous silica with a 10.7 or 17.3 nm in BJH pore diameter, and confirmed the loading of LH2 into these silica pores by means of wide-field fluorescence microscopy. 11 Both research groups reported that LH2 could not enter small silica pores (BJH pore diameter = 2.7 or 3.7 nm).
In the present study, each LH2/MPS conjugate was prepared by adding 5 mg of MPS to an LH2 solution. In this condition, almost all of the LH2 was adsorbed on each MPS, and the amounts of LH2 adsorbed were almost the same for each LH2-MPS conjugate (Table 1) . On the other hand, when additive amounts of MPSs were decreased to 3 mg, it was confirmed that the amount of LH2 adsorbed on MPS with 2.4 nm in pore diameter was smaller than that adsorbed on MPS with 7.1 nm in pore diameter. These results suggest that LH2 could enter the silica mesopore with more than 7.1 nm in diameter (Fig. S3 , Supporting Information). 10, 11 It can be considered that LH2 from Tch. tepidum adsorbs at only the outer particle surfaces of MPS-2.4 and MPS-5.4. LH2 would be able to enter silica pores of MPS-7.4, MPS-8.1, and MPS-10.6, i.e., it would locate at both the outer particle surface and inside the pores. Schematic illustrations of LH2/MPS conjugates are shown in Fig. 1 .
LH2 in bulk water
Figure 3(a) shows temperature-dependent spectral changes of LH2 in a bulk buffer solution containing 0.19 wt% LDAO. Both the B800 and B850 band peaks appeared clearly at 273 K. On the other hand, temperature elevation caused a significant decrease in the peak intensity of the B850 band, accompanied by a blue-shift of the peak wavelength. The peak intensity of the B800 band rose slightly with increasing temperature. These temperature-dependent changes of B800 and B850 band properties agree with those for LH2 from Rbl. acidophilus and Phs. molischianum in bulk water. 16, 17 Possible reasons for the observed temperature-dependent changes of the B800 and B850 band properties are the denaturation of proteins, the dissociation of BChl molecules, and reversible changes in the BChl-BChl and BChl-protein interactions. 9, 18 Since the denaturation of proteins and the dissociation of BChl molecules are irreversible reactions, 19 these two reactions should result in irreversible changes in the B800 and B850 band properties during such temperature cycles. By contrast, the changes in B800 and the B850 band properties with temperature are reversible during temperature cycles of 273 -313 K (Fig. S4, Supporting  Information) , indicating that the denaturation and dissociation of BChl does not take place in the observed temperature range. It can therefore be concluded that the temperature-dependent changes in the B800 and B850 band properties are due to changes in the BChl-BChl and/or BChl-protein interactions, which are a function of the local structure of the LH2 structure. In short, the B800 and B850 band properties are indicative of the thermal deformation of LH2. In light of various spectroscopic studies on LH2, 10, [16] [17] [18] continuous decreases in B850 band intensity accompanied by blue-shifts of the B850 peak wavelength with increasing temperature can be ascribed to dynamic and/or statical ellipsoidal deformation of the LH2 ring structure.
The influence of the LDAO concentration on the thermal deformation of LH2 was also examined at 273 -313 K (Fig. 3) . In the ternary LH2-LDAO-water system, it has been reported that the aggregation of LH2 occurs when the concentration of LDAO is lower than the critical micelle concentration (CMC) of LDAO. 20 Since the CMC of LDAO in water was reported to be 0.028 wt% at 298 K, 21 the concentration of LDAO was tuned to 0.046 -0.19 wt%. When the concentrations of LDAO were 0.09 -0.19 wt%, the peak intensities of B800 and B850 were almost the same at 273 K, and a significant decrease and blueshift of the B850 band were induced by temperature elevation (Figs. 3(a) and 3(b) ).
For the LH2 solution containing 0.046 wt% of LDAO, on the other hand, the B850 band intensity was about 1.5 times stronger than the B800 band intensity at 273 K, and the spectral changes with temperature were quite small.
In ternary LH2-LDAO-water systems, the quantity of LDAO bound to hydrophobic parts of the LH2 should increase with increasing LDAO concentration. The binding of large amounts of LDAO would perturb interactions between the subunit proteins, resulting in the ellipsoidal deformation of LH2. 12, 22 For the thermal deformation of LH2 in bulk systems, since the B800 and B850 band properties tend to be sensitive with temperature at higher LDAO concentrations (Fig. 3) , it is apparent that a larger thermal deformation of LH2 is induced in the presence of higher concentrations of LDAO; that is, the binding of large amounts of LDAO results in the LH2 structure having less thermal stability.
Comparison of the LH2 structure in bulk water and on MPS-2.4
The LH2/MPS conjugates were thoroughly rinsed with the buffer solution, and then, were dispersed in the buffer solution without LDAO. In this experimental procedure, it can be considered that the amount of LDAO bound to LH2 is negligibly small. We therefore discuss the structure of LH2 adsorbed on MPS-2.4 by referring to the results obtained for LH2 for the most dilute (0.049 wt%) LDAO solution. Since LH2 molecules adsorb at the outer surface of MPS-2.4, as shown in Fig. 1 , a comparison of the LH2 structure on MPS-2.4 and in bulk is useful to discuss the influence of the silica-LH2 interactions.
LH2/MPS-2.4 exhibits clear B800 and B850 band peaks in the observed temperature range (Fig. 4) , indicating that the LH2 ring structure can be retained on MPS-2.4. Hereafter, the peak intensity ratio of B850 band to B800 band (RB850/B800) and the peak maximum of B850 band (λB850) are used to discuss the structure of LH2. As shown in Fig. 5 , on the other hand, the values of RB850/B800 and λB850 for the LH2/MPS-2.4 are somewhat smaller than that found for the bulk system in the observed temperature range. This result indicates that the slight ellipsoidal deformation of LH2 takes places by adsorption at the outer surface of MPS-2.4. The C-terminal end of LH2 is positivelycharged, whereas the N-terminal region of LH2 is negatively charged. 23 Since the silica surface is negatively charged at pH 7.5, the LH2 would likely adsorb on the silica surface with C termini facing the silica, resulting in a distortion of the protein ring structure, like that of LH2 on a mica surface. 23 Although the values of RB850/B800 and λB850 for the LH2/MPS-2.4 are somewhat different from those for bulk system, their temperature dependencies are regarded to be almost the same for LH2 on MPS-2.4 and in bulk. It can hence be considered that both LH2 molecules on MPS-2.4 and in bulk have similar structural stability against a temperature elevation (Fig. 5) . The contribution of the interaction between LH2 and the silica surface would be negligible for the structural stability of LH2 on the silica surface.
Influence of the silica pore diameter for the structure of LH2 on the MPS support
All LH2/MPS conjugates exhibit clear B800 and B850 band peaks in the observed temperature range, as shown in Fig. 4 . The absorption spectra of other LH2/MPS conjugates are summarized in Fig. S5 (Supporting Information). As shown in Fig. 6 , no significant differences in temperature dependencies of RB850/B800 and λB850 are noted between each LH2/MPS conjugate. It can therefore be considered that the pore diameter of the MPS support does not influence the structure and structural stability of LH2 on MPS.
The structural stability of LH2 adsorbed on MPS supports is chiefly influenced by interactions between the basic structural unit of LH2, spatial confinement, and the interaction between LH2 and the silica surface. If spatial confinement contributed to the structural stability of LH2, a suppression of the thermal deformation should be observed for LH2 in size-matched pores in the MPS support (MPS-7.4 or MPS-8.1). 24 By contrast, no significant differences in the thermal deformation of LH2 were noted between each LH2/MPS conjugate (Fig. 5) , indicating that spatial confinement contributes little to the structural stability of LH2. The comparison of structural stabilities of LH2 on MPS-2.4 and in bulk indicated that the silica-LH2 interaction did not affect the structural stability of LH2 adsorbed at the silica surface. Therefore, it can be considered that the structural stability of LH2 on MPS is most likely governed by the interaction between the basic structural units of LH2.
It was reported that LH2 adsorbed on MPS support (pore diameter = 7.9 nm) was more resistant to heat denaturation than that in bulk water. 10 Heat denaturation involves large volume changes due to irreversible breakage of the protein framework, and irreversible detachment of BChl. In the present study, we investigated the reversible thermal deformation of LH2. Since the volume change due to reversible thermal deformation is much smaller than that seen in heat denaturation, the enhanced stability of LH2 adsorbed on MPS supports may not be proven in this study.
Conclusions
In the present study, we examined both structure and reversible thermal deformation of the light-harvesting complex LH2 adsorbed on mesoporous silica (MPS) supports by observing temperature-dependent changes in the B800 and B850 absorption band properties. Our results indicate that the adsorption of LH2 on an MPS support induces a slight ellipsoidal deformation, but does not affect the thermal stability of LH2. In addition, it is suggested that the structural stability of LH2 adsorbed on an MPS support is governed by interactions between the basic structural unit of LH2, not by spatial confinement, and the interaction between LH2 and the silica surface. These findings will contribute to our understanding of the structural stability of LH2 and other membrane proteins on a solid surface. Fig. 5 Temperature dependent changes of (a) the peak intensity ratio of the B850 band to the B800 band (RB850/B800) and (b) the peak maximum of the B850 band (λB850) obtained for LH2/MPS-2.4 and LH2 in a buffer containing 0.046 wt% of LDAO. 
